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Following a severe accident in a nuclear power plant, iodine is a major contributor to the
potential health risks for the public. Because the amount of iodine released largely depends
on its volatility, iodine's behavior in containment has been extensively studied in inter-
national programs such as International Source Term Programme-Experimental Program
on Iodine Chemistry under Radiation (EPICUR), Organization for Economic Co-operation
and Development (OECD)-Behaviour of Iodine Project, and OECD-Source Term Evaluation
and Mitigation. Korea Institute of Nuclear Safety (KINS) has joined these programs and is
developing a simplified, stand-alone iodine chemistry model, RAIM (Radio-Active Iodine
chemistry Model), based on the IMOD methodology and other previous studies. This model
deals with chemical reactions associated with the formation and destruction of iodine
species and surface reactions in the containment atmosphere and the sump in a simple
manner. RAIM was applied to a simulation of four EPICUR tests and one Radioiodine Test
Facility test, which were carried out in aqueous or gaseous phases. After analysis, the re-
sults show a trend of underestimation of organic and molecular iodine for the gas-phase
experiments, the opposite of that for the aqueous-phase ones, whereas the total amount
of volatile iodine species agrees well between the experiment and the analysis result.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
Following a severe accident in a nuclear power plant, iodine is
amajor contributor to the potential health risks for the public,
especially with regard to the thyroid. During a coremeltdown,
a large fraction of iodine in the core can be released into the
containment in aerosols form, containing metal iodides and
gaseous iodine, as found in Phebus tests [1e3]. Gaseous iodine).
d under the terms of the
ich permits unrestricted
cited.
sevier Korea LLC on behareleased from the reactor coolant system (RCS) is depleted
mainly through trapping on the containment surface, which
can result in the production of organic iodide through in-
teractions between iodine and paint [4e6]. The gaseous mo-
lecular iodine could also react with air radiolysis products
(ARPs) such as ozone, to form iodine oxide; an aerosol-borne
iodine species [7,8]. Organic iodides are also depleted by
radiolytic decomposition. However, most metal-iodideCreative Commons Attribution Non-Commercial License (http://
non-commercial use, distribution, and reproduction in any me-
lf of Korean Nuclear Society.
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in iodide ions. Thesewill be oxidized to form volatile inorganic
iodide (I2) through many reactions such as radiolysis and hy-
drolysis. The organic radicals, made from organics such as
paint in the sump water, react with the molecular iodine to
produce organic iodides. These gaseous iodine species move
from the sump water to the containment atmosphere mainly
by diffusion and natural convection [9].
The amount of iodine that could be released from the
containment largely depends on the volatility of the various
kinds of its species [1] and their retention by filters used in the
containment venting systems. Therefore, iodine behavior has
been amajor topic of international research programs such as
International Source Term Programme (ISTP) [7,8,10], Orga-
nization for Economic Co-operation and Development-
Behaviour of Iodine Project (OECD-BIP) [11] and Organization
for Economic Co-operation and Development-Source Term
Evaluation and Mitigation (OECD-STEM) [12]. The major
research areas of these programs are iodine chemistry, sur-
face reactions, mass transfer, modeling of iodine chemistry
and its applications to severe accident assessment, and acci-
dent management. Qualified tools for modeling these phe-
nomena have been developed and validated experimentally.
ISTP was carried out by the IRSN (Institut de Radioprotec-
tion et de Suˆrete Nucleaire) for 5 years until the end of 2010 in
order to reduce uncertainties when evaluating the environ-
mental release of radioactive products such as iodine or
ruthenium following a core meltdown accident in a pressur-
ized water reactor (PWR). Among its various experimental
topics, EPICUR and PARIS programs provided experimental
data on the physicochemical transformations of iodine (for-
mation and destruction of volatile iodine species) under the
effect of radiation in the reactor containment. OECD-BIP was
organized by the Organization for Economic Co-operation and
Development, Nuclear Energy Agency (OECD/NEA) and has
been operated by Canadian Nuclear Laboratories (former
AECL) since 2008, performing work in the following three
areas: adsorption and desorption of iodine on surfaces,
organic iodide formation from containment paints loaded
with iodine from the gas or aqueous phases, and provision of
Radioiodine Test Facility (RTF) experimental data from his-
torical experiments. OECD-STEM was launched in 2011 to
better address known phenomenological uncertainties rele-
vant to radioactive iodine release in the mid and long term
time frame, especially in terms of the stability of iodine
aerosol particles under radiation, the long-term gas/deposits
equilibrium in a containment, and iodine interactions with
paints. Ruthenium chemistry was also investigated in this
study.
The Korea Institute of Nuclear Safety (KINS) has been
studying the iodine chemistry issue as one of the regulatory
research topics, and has joined international programs with
other Korean organizations such as the Korea Atomic Energy
Research Institute (KAERI). In the course of this study, a
simplified, stand-alone iodine chemistry model, RAIM (Radio-
Active Iodine chemistryModel) has been developed in order to
deal practically with iodine chemistry in the containment
[13,14]. This model is based on the semiempirical IMOD
methodology [15,16] in terms of the simplification of the
chemical species, reaction mechanisms, (especially for theaqueous phase), and reaction rate constants. The gas-phase
models are largely based on other previous studies carried
out by Bosland et al [7,17] and Funke [18]. Although RAIM is
still under development, attempts have beenmade to couple it
with the MELCOR code [19] in order to model organic iodides
and to simulate Phebus FPT1 and FPT3 tests [20]. However, the
MELCOR-RAIM estimation of the organic iodide concentration
was very small compared to the measured data, which
showed the need for the further development of its homoge-
neous reactionmodel of organic iodide formation. This article
summarizes the activities concerning the development of the
RAIM model and the benchmarks of the ISTP-EPICUR S1 and
S2 series and OECD-BIP P10T2 experiments.
2. Model development
In order to develop an iodine chemistry model, the existing
methodologies have been reviewed. There are two types of
iodine behavior models: mechanistic and semiempirical
models. Mechanistic models such as LIRIC [21,22], INSPECT
[23], and MELCOR [19] are based on detailed data established
through extensive analysis of iodine reactions; they also
include mechanisms and intermediate products of iodine re-
actions. However, empirical models such as IMOD have an
advantage with regard to their compatibility with integrated
severe accident codes due to their simplified scheme, even
though they may have limitations in terms of providing
accurate calculations for such complicated iodine reactions
[9,13].
Following previous studies, we decided to develop our own
model based on the LIRIC methodology [20,21], but aiming for
a smaller and simpler model similar to IMOD [15,16]. There-
fore, reactions in the aqueous phase and volatile species for
mass transfer were reduced. For the simplification of re-
actions and rates, single species were used in the gas and
aqueous phases. For instance, the iodine species to be exam-
ined were volatile I2, organic iodides of high volatility (HVRI)
and low volatility (LVRI), nonvolatiles, nonaqueous iodine,
iodine oxide aerosols (IOx), and iodine adsorbed on the surface
(Iad) in the gaseous phase [15,16]. HVRI refers to all of the
organic iodides that are volatile, e.g., CH3I which is more
volatile than I2, whereas LVRI includes all of the organic io-
dides that are less volatile. Nonvolatile iodine species in the
aqueous phase consists of mainly iodide ion, I(aq)
 , with minor
components of species such as HOI, I3
, and IOx
 including IO3
.
Nonaqueous iodine species are those bound on the surfaces in
contact with the aqueous phase, e.g., AgI colloids and solids,
or iodine adsorbed on surfaces in contact with the aqueous
phase [16]. Several other materials participating in the iodine
reactions, e.g., organics and organic radicals, andARPs such as
ozone, are also dealt with. Fig. 1 shows the reactions and the
transport processes of the iodine species that are modeled by
RAIM.
The reaction rate constants suggested by previous studies
[8,15e18,21,22] have been adopted; some data from themwere
given as functions of temperature or the associated activation
energy. Reactions with no available rate constants were
determined through simulation and sensitivity analysis of
EPICUR and RTF experiments. The differential equations for
the kinetics of the reaction schemes are solved numerically
Fig. 1 e Reactions and transport processes of iodine species treated in the Radio-Active Iodine chemistry Model.
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condensing water film on surfaces in the containment atmo-
sphere (Icon) and the formation of organic iodides through
homogeneous reaction between inorganic iodine and organics
in the gaseous phase are not modeled by RAIM. Deposition of
iodine oxide aerosols in the surface and the subsequent
decomposition [24] are not dealt with, either. In any case, the
rate constants for the reactions involving CO2 and CO3
2,
which can affect the sump pH, have not yet been determined.
2.1. Reactions in the liquid phase
Chemical reactions associated with the formation and
destruction of iodine species and surface reactions in the
containment sump and the atmosphere, are treated in a
simple manner. As described by Wren et al [15,16,21,22], the
aqueous-phase reaction model includes the following
reactions.
(1) Reactions between nonvolatile iodine species and vol-
atile inorganic iodine species [15].
Stoichiometry:
NonVolIðaqÞ4VolIðaqÞ
Kinetics:
d

NonVolIðaqÞ

dt
¼ kf

NonVolIðaqÞ
þ kbVolIðaqÞ (1)where [NonVolI(aq)] is the concentration of nonvolatile
aqueous iodine species (mol$m3), [VolI(aq)] is the concentra-
tion of volatile inorganic iodine, i.e., I2, in the aqueous phase
(mol$m3), kf (s
1) and kb (s
1) are the rate constants for for-
ward and backward reactions between NonVolI(aq) and
VolI(aq), respectively.
(2) Iodine and surface interaction in the aqueous phase
[15].
Stoichiometry:
VolIðaqÞ4NonaqI
NonVolIðaqÞ4NonaqI
Kinetics:
d

VolIðaqÞ

dt
¼ kVIf

VolIðaqÞ
þ kVIb½NonaqI (2)
d½NonaqI
dt
¼ kNIf

NonVolIðaqÞ
þ kVIf VolIðaqÞ kNIb½NonaqI
 kVIb½NonaqI
(3)
where [NonaqI] is the concentration of iodine species bound
on the surfaces in contact with the aqueous phase (mol$m3),
kVIf (s
1) and kVIb(s
1) are the rate constants for forward and
backward reactions between VolI(aq) and NonaqI(aq), respec-
tively. kNIf (s
1) and kNIb (s
1) are the rate constants for forward
and backward reactions between NonVolI(aq) and NonaqI,
respectively.
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Organic solvents are dissolved from painted surfaces into
the aqueous phase. Then, the organic compounds are des-
tructed through radiolysis, which results in the formation of
organic radicals, ORG. The organic radicals react with inor-
ganic iodine, and so organic iodides are formed, whereas the
organic iodides are decomposed by hydrolysis and radiolysis.
Following the LIRIC or IMOD approach [15,21,22], the organic
iodides were classified as highly volatile organic iodides
[HVRI(aq)] and low volatiles [LVRI(aq)] which were assumed to
follow the same kinetics as that of HVRI(aq) with different
weighting factors for reaction rate constants.
Stoichiometry:
ORGðaqÞ∞/ORGðaqÞ
ORGðaqÞ þ $OH/ 6 $ORGðaqÞ
$ORGðaqÞ þ VolIðaqÞ/HVRIðaqÞ
HVRIðaqÞ þ e/NonVolIðaqÞ þ $ORGðaqÞ
HVRIðaqÞ/ORGðaqÞ þNonVolIðaqÞ
Kinetics:
d

ORGðaqÞ

dt
¼ kDiss

ORGðaqÞ

∞ 

ORGðaqÞ

(4)
d

$ORGðaqÞ

dt
¼ 6$kDeg

ORGðaqÞ
½$OH (5)
d

HVRIðaqÞ

dt
¼ kHVF

$ORGðaqÞ

VolIðaqÞ
 kRadHVe
þ kHydHV

HVRIðaqÞ
 (6)
where [ORG(aq)] (mol$m
3) and [ORG(aq)]∞ (mol$m
3) are the
amount of organic compound at a specific time and at infi-
nitely long time periods in the aqueous phase, respectively,
[HVRI(aq)] is the concentration of highly volatile organic io-
dides in the aqueous phase (mol$m3), [OH] is the concen-
tration of hydroxyl radicals (mol$m3), [e] is the
concentration of aqueous electron (mol$m3), kDiss (s
1) is the
dissolution rate constant of organic compound, and kDeg
(m3$mol1$s1) is the rate constant for the organic degrada-
tion process reaction, and kHVF (m
3$mol1$s1) is the rate
constant for formation of highly volatile organic iodides from
organic radicals and I2(aq), and kRadHV (m
3$mol1$s1) and
kHydHV (s
1) are the rate constants for organic iodide decom-
position by radiolysis and hydrolysis, respectively.
(4) Aqueousegaseous phase interfacial mass transfer of
volatile iodine [15].
Stoichiometry:
VolIaq/VolIðgÞHVRIðaqÞ/ HVRIðgÞ
Kinetics:
d

VolIðgÞ

dt
¼ kMTVIAintVg

VolIðaqÞ
  VolIðgÞ$HVolI (7)
d

HVRIðgÞ

dt
¼ kMTHVAintVg

HVRIðaqÞ
  HVRIðgÞ$HHVRI (8)
where kMTVI is the overall mass transfer coefficient of volatile
inorganic iodine between the aqueous and gaseous phases
(m$s1), 1/kMTVI ¼ 1/kaq þ HVolI/kg, where kaq and kg are the
mass transfer coefficients for the aqueous- and gas-phase,
respectively, and HVolI is the partition coefficient of the vola-
tile inorganic iodine. Similarly, kMTHV is the overall mass
transfer coefficient of highly volatile organic iodide (m$s1), 1/
kMTHV ¼ 1/kaq þ HHVRI/kg, where HHVRI is the partition coeffi-
cient of the organic iodide species. Aint is the interfacial mass
transfer surface area (m2), and Vg and Vaq are the volumes of
the gas and aqueous solution (m3), respectively.2.2. Reactions in the gaseous phase
Reactions in the gaseous phase were modeled after the exist-
ing models, including the stoichiometry, kinetic rate laws and
kinetic constants, suggested by Bosland et al [8,17] and Funke
et al [25]. In the model, formation of organic iodides, repre-
sented by CH3I, by radiolysis or thermal reaction between
molecular iodine and organicswas considered. Themodel also
deals with formation of ARP and iodine oxides under irradia-
tion, decomposition of organic iodides, and iodine oxides by
radiolysis. It also includes the model for adsorption and
desorption of volatile iodine on the paint surface.
(1) Formation and destruction of ARP [8,17].
ARPs are produced by air radiolysis. In this model the ARPs
are represented by ozone (O3) and formed from oxygen. ARP
decomposition induced by irradiation and by surface reaction
was included.
Stoichiometry:
3O24
g
2O3
Kinetics:
d

ARPðgÞ

dt
¼ Dg

kO3 1  kO3 2

ARPðgÞ


ARPðgÞ

Vg

kO3 3Spd
þ kO3 4Ssd
 (9)
where [ARP(g)] is the concentration of ARP represented by
ozone (mol$m3), Dg is the average dose rate in the contain-
ment atmosphere (Gy$s1), kO3_1 (mol$m
3$Gy1) and kO3_2
(Gy1) are the rates of formation and decomposition of ARPs
by radiolysis, respectively, kO3_3 (m s
1) and kO3_4 (m s
1) are
the rates of decomposition of ARPs at painted and steel sur-
faces, respectively, Spd is the area of the painted gas surfaces
(m2), Ssd is the area of steel gas surfaces (m
2) and Vg is the
volume of the gaseous phase (m3).
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Iodine oxides (IOx), symbolized by the IO3
, are formed by
the reaction between molecular iodine [I2 or VolI(g)] and ARPs
[18,25]. Radiolytic destruction of iodine oxide was also
considered.
Stoichiometry:
I2 þ 2O3412 ðI4O9 þ /Þ42IO

3ðgÞ
Kinetics:
d½VolIðgÞ
dt
¼ kIOxf

ARPðgÞ

VolIðgÞ
 1
2
kIOxbDg

IOxðgÞ

(10)
where [VolI(g)] and [IOx(g)] are the concentrations of molecular
iodine and iodine oxides (mol$m3), respectively; kIOxf
(m3$mol1$s1) and kIOxb (Gy
1) are the rates of formation and
decomposition of iodine oxides, respectively, and Dg is the
average dose rate in the containment atmosphere (Gy$s1).
(3) Formation and destruction of organic iodides (RIs) in thed

HVRIðgÞ

dt
¼ kHVg D

1 0:0013Tg

$

1 0:68 exp 1:7$XH2O$Dg

1:22 0:11Dg
 $HVRIðgÞ (13)gaseous phase [8,17].
High volatile organic iodides [HVRI(g)], represented by CH3I,
are released from paint through a thermal process and a
radiolytic process [1,5,6,26]. The radiolytic destruction of RIs in
the presence of steam was also considered. Low volatiles
[LVRI(g)] were assumed to follow the same kinetics as that of
HVRI(g), but with different weighing factors for reaction rate
constants.
(i) Formation of HVRI(g) by radiolysis [8,17].
Stoichiometry:
1
2
I2ðabsorbed onto paintsÞ þ R/g CH3I
Kinetics:
d

HVRIðgÞ

dt
¼ kHVg decDg

IadðpÞ
0:426Spd
Vg
(11)
where [HVRI(g)] and [Iad(p)] are the concentrations of HVRI
(mol$m3) and molecular iodine adsorbed onto paint
(mol$m2), respectively. R represents organic molecules,
kHVg_dec is the rate of formation of RIs on the iodine-loaded
paint by radiolysis (mol0.574$m1.148 Gy1), Dg is the average
dose rate in the containment atmosphere (Gy$s1), Spd is the
area of the painted gas surfaces (m2), and Vg is the volume of
the gaseous phase (m3).(ii) Formation of HVRI(g) by thermal reaction [8,17].
Stoichiometry:
1
2
I2ðabsorbed onto paintsÞ þ R/CH3I
Kinetics:
d

HVRIðgÞ

dt
¼ kHVg T

IadðpÞ
0:50Spd
Vg
(12)
where kHVg_T is the rate of formation of RIs on the iodine-
loaded paint by thermal reaction (mol0.5$m1$s1).
(iii) Destruction of organic iodides in the gaseous phase
[8,17].
Stoichiometry:
10CH3I/
g
I2ðgÞ þ 8IO3ðgÞ
Kinetics:where kHVg_D is the rate of destruction of RIs in the gaseous
phase (mol0.5$m1$s1), Tg is the temperature of the gaseous
phase (K), and XH2O is the steam molar fraction.
(iv) Adsorption and desorption [8,22].
For adsorption of volatile molecular iodine on the gaseous
phase surface and desorption from the surface,
d

VolIðgÞ

dt
¼ kad

VolIðgÞ

1 ½Iad
SAT
	
 kdesAgVg ½Iad (14)
where [VolI(g)] is the concentration of molecular iodine in the
gaseous phase (mol$m3), and [Iad] is the concentration of
iodine (mol$m2) adsorbed and retained on the surface.
Kad (s
1) and Kdes (s
1) are the rate constants of adsorption
and desorption, respectively; SAT is the saturation capacity of
gaseous phase surfaces for iodine (mol$m2), Ag is the surface
area (m2), and Vg is the volume of the gaseous phase (m
3).3. Simulation of iodine behavior tests
After the establishment of the iodine reaction models, RAIM
has been applied to the simulation of separate effect tests
such as the ISTP-EPICUR S1 and S2 series, and OECD-BIP
P10T2, which deal with iodine behavior under severe acci-
dent conditions.
Fig. 2 e Simplified view of the experimental EPICUR loop [1].
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The EPICUR program, which was operated by the IRSN as a
part of the ISTP, dealt with the kinetics of organic iodide for-
mation through reactions with paint, reactions in the gaseous
phase and formation of volatile iodine in the liquid phase.
Fig. 2 shows a schematic diagram of the EPICUR loop, in which
the irradiation vessel and a May-pack device are connected by
a stainless steel tube. Volatile species produced in the irradi-
ation vessel are transferred to the May-pack device via the gas
bubble. The May-pack system is composed of several steps
with a quartz fiber filter, knit-mesh filters, and impregnated
charcoal filters. Therefore, IOx, I2, and RI can be captured and
quantified serially. Online g measurement is provided by theTable 1 e Experimental conditions of the selected tests.
Test S1-9
Test objective I-radiolysis &
RI formation
Initial iodine concentration on the
painted coupon ðmolI2 $m2Þ
No coupon in gas phase
Liquid volume (mL) 2,000
Gas volume (mL) 2,800
% RH e
Tirradiation vessel (C) 66.6/ 71.5
pH 7
Gas flow in the liquid phase (L$min1) 0.25/ 0.50
Dose rate (kGy$h1)
Painted coupon 1.81
Gaseous phase 2.29
Sump average 2.84NaI (Tl) counters placed on top of each stage of the filter of the
May-back device [1].
The EPICUR program consists of several test series; the S1
series tests were conducted to study the organic iodide for-
mation from a painted coupon in the iodine solution, whereas
the S2 series was carried out with a painted coupon loaded
with molecular iodine and placed in gaseous phase. Among
them the S1-9, S1-11, S2-6-5-2, and S2-6-14 tests were chosen
to be analyzed by RAIM; the first two represent the aqueous-
phase tests, and the last two stand for the gas-phase tests.
The test conditions are shown in Table 1. For comparisonwith
the experimental data, the online measurement data were
used with corrections taking into account its difference from
the post-test results. However, the missing mass balance wasS1-11 S2-6-5-2 S2-6-14
I-radiolysis RI formation & I2
desorption
RI formation under
long irradiation
No coupon 2.5  104 1.7  104
2,009 0 0
2,791 4,800 4,800
e 60 60
80.5 80/ 120 80
7 e e
0.25/ 0.50 0.21/ 0.41 0.21
No coupon 1.66 1.35
2.34 2.30 1.87
2.90 e e
Fig. 3 e Quantity of volatile inorganic iodine (S1-9). Fig. 5 e Quantity of iodine oxide (S1-9).
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iodine inventory, because there was no reasonable way to
determine the distribution of each iodine species.
3.2. Analysis of the aqueous-phase tests (S1-9 and
S1-11)
Figs. 3e5 show the estimated quantity of volatile inorganic
iodine, organic iodide, and IOx aerosols for the S1-9 test [27],
respectively. Even though the logarithmic scale does not show
the concentrations of zero value in the early period of the test,
which appearmore clearly with the linear scale in Fig. 3, it can
cover a wide range of values. Similarly, Fig. 6 shows the
quantities for the S1-11 test [28]. Both the results for S1-9 and
S1-11 show that the concentrations of inorganic molecular
iodine and IOx were overestimated by RAIM, while that of
organic iodide was slightly underestimated at first and then
overestimated for S1-9. As the S1-11 test did not use any
painted coupon, no organic iodide was expected, although in
the experiment it was detected by the equivalent amount of
S1-9. The organic iodide measured on the impregnatedFig. 4 e Quantity of volatile organic iodide (S1-9).charcoal is probably due to the presence of a small amount of
organic compounds (pollution) in the experimental loop.
Moreover, the amount of iodine measured on the Knit-mesh
might have been slightly underestimated because a fraction
of molecular iodine might have been retained on the charcoal
stage instead of the Knit-mesh stage due to a low efficiency of
the Knit-mesh [28].3.3. Gaseous-phase test (S2-6-5-2 and S2-6-14)
Figs. 7e9 show the estimated amount of volatile inorganic
iodine, organic iodide, and IOx aerosols for the S2-6-5-2 test
[29], respectively. Similarly, Fig. 10 shows the corresponding
amount for the S2-6-14 test [30]. Because the online mea-
surement data was obtained with different time spans for the
two knit-mesh filter stages during the S2-6-14 test, the
amount of inorganic iodine, which came from the sum of the
radioactivity on those filter stages, was estimated by using the
interpolation method for vacant data. As shown in these fig-
ures, the amount of inorganic iodine and organic iodide were
underestimated for the gas-phase tests, which is opposite toFig. 6 e Quantity of volatile iodine species (S1-11).
Fig. 7 e Quantity of volatile inorganic iodine (S2-6-5-2). Fig. 9 e Quantity of iodine oxide (S2-6-5-2).
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amount of iodine oxides was consistently overestimated.3.4. OECD-BIP P10T2 test
The BIP provided the RTF experimental data from experi-
ments performed in the 1990s. The RTF was an intermediate
scale test facility that was designed to study iodine behavior
under postulated postaccident conditions, including under
radiation. Fig. 11 shows a schematic of the RTF. The facility
consisted of a replaceable cylindrical main vessel partially
filled with water and containing a radiation source. The vessel
was connected to various flow loops such as the ones for gas
ventilation, gas- and aqueous recirculation, gas- and aqueous
sampling. BIP members selected five tests for inclusion in the
program, where the main focus was on organic paints and
impurities. The tests demonstrated the dissolution of residual
paint solvents and their subsequent radiolytic degradation
and formation of organic iodides. They also demonstrated the
relative importance of various iodine sinks. Among them, theFig. 8 e Quantity of volatile organic iodide (S2-6-5-2).P10T2 test was chosen to be analyzed in this study. Table 2
shows the summary of the experimental conditions [11,31].
Approximately 2 days before the main test, the vessel was
filledwith ~25 L of distilledwater. During the next 48 hours the
release of organic compounds from the paint and the pH
change associated with the radiolytic degradation of these
compounds was monitored. Iodine was introduced, with a
fresh charge of water, at the start of the main portion of the
test, during which the pH was held at 10 for 45 hours, after
which the pH control was released [11].
Figs. 12e14 show the estimated concentrations of volatile
inorganic iodine, and high and low volatile organic iodides for
the P10T2 test, respectively. Because no measurement data
were available for iodine oxide, comparison was not made for
that species. As shown in these figures, the concentrations of
all the iodine species were overestimated for the first period,
and then reasonably estimated until the last period of sharp
increase in inorganic iodine concentration. Figs. 12 and 13
show the dominant effect of pH on the iodine volatility and
RI formation. They seem to imply that not only the change of
pH but also some important parameters other than pH shouldFig. 10 e Quantity of volatile iodine species (S2-6-14).
Fig. 11 e Schematic of the Radioiodine Test Facility [11].
OECD report: Final Summary Report, NEA/CSNI/R (2011) 11, 2012, © OECD 2012.
Table 2 e Experimental conditions of the Radioiodine
Test Facility P10T2 test.
Test objective To study iodine behavior for
an irradiated solution of
iodide in a painted vessel
Vessel Epoxy paint (Amerlock)
Iodine solution (M) 1  105
Liquid volume (dm3) 25
Gas volume (dm3) 315
Tirradiation vessel (C) 25
pH Initially 10 for 45 hr, then
uncontrolled
Dose rate (kGy$h1) 0.61
Duration (hr) 283
Fig. 12 e Volatile inorganic iodine concentration and its pH
dependency (P10T2).
Fig. 13 e High volatile organic iodide concentration and its
pH dependency (P10T2).
Fig. 14 e Low volatile organic iodide concentration (P10T2).
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 8 2 7e8 3 7 835
Fig. 15 e Total amount of volatile iodine species (S2-6-5-2).
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 8 2 7e8 3 7836be considered more carefully in order to improve the RAIM
estimations.4. Discussion
There is a trend with the RAIM estimation for aqueous and
gaseous tests; the amount of organic and molecular iodine is
overestimatedwithin twoorders ofmagnitude for the aqueous
experiments, whereas the opposite trend is shown for the
gaseous tests with a similar range of bias. However, the
amount of iodine oxideswas consistently overestimated for all
EPICUR tests. The experimental data for IOx was based on the
activity measured on the quartz fiber filter. Because the resi-
dence time of air in the irradiation vessel is less than 10 mi-
nutes, theremightnotbesufficient timeforARPssuchasozone
to be produced to react with iodine. As a result, there is an
argument that the iodine captured by the quartz filter may be
inorganic iodine instead of IOx. If this argument is confirmed,
the discrepancy between the experiment and the RAIM esti-
mation becomes larger for IOx aerosols. Meanwhile, Fig. 15
shows that the total amount of volatile iodine species for EPI-
CUR S2-6-5-2 (i.e., the sumof iodine oxides, andmolecular and
organic iodine)makes littledifferencebetween the experiment
and the estimation. It means that iodine volatility can be esti-
mated with reasonable accuracy by RAIM, whereas the chem-
ical composition of the species is estimatedwith somebias. All
these judgments are considered to be valid for EPICUR tests,
even taking into account the missing balance that could be
composed mostly of inorganic iodine and small amounts of
IOx, because it is significantly less than the difference between
the experiment and the estimation. With regard to the P10T2
test, both amounts of HVRI and LVRI were well estimated for
most of the test period as described previously.
Therefore, it seems that further work is needed to elabo-
rate on reaction models and the rate constants, including
those formass transfer between aqueous and gaseous phases.
The adjustment of the rate constants for mass transfer be-
tween the phases using a sound technical base seems to
reduce the biased estimation of iodine species in the aqueousand gaseous phases. In addition, the development of missing
models should be pursued. Important subjects of interest are
likely to be the formation of organic iodides through homo-
geneous reaction, and the deposition of iodine oxide aerosols
in the surface and the subsequent decomposition and vola-
tilization of iodine species [24]. It is expected that the addition
of those models may reduce the amount of IOx and increase
organic and inorganic iodine. With regard to the experimental
side, improvements in the provisions for better speciation of
the iodine species, especially I2 and IOx, will be very helpful in
improving reaction models.
5. Conclusions
RAIM, a model for iodine behavior in the reactor containment
under severe accident conditions, has been developed based
on the methodology of IMOD and other previous studies. This
model deals with chemical reactions associated with forma-
tion and destruction of iodine species, the surface reactions in
the containment atmosphere and the sump in a simple
manner. For the simplification of reactions, single species
were used in the gas and aqueous phases. After that, RAIM
was applied to simulation of several tests including four ISTP-
EPICUR tests and one RTF test, which were carried out mostly
with a painted coupon loaded with iodine in the aqueous or
gaseous phases. The analysis results show a consistent trend
of underestimation of molecular and organic iodine for the
gas-phase experiments, the opposite of that for the aqueous
ones, whereas the total amount of volatile iodine species
shows good agreement between the experiment and the
estimation. Therefore, further elaboration of the reaction
models and the rate constants may be needed to obtain better
estimations. Gas-phase models for organic iodide formation
through homogeneous reactions, and IOx deposition and
decomposition are currently missing and need to be devel-
oped for reliable estimation of iodine species in the gaseous
phase. On the experimental side, improvements in the pro-
visions for better iodine speciation will be helpful to advance
the iodine chemistry modeling.
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